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Description

Field of the invention

[0001] The invention relates to the field of parity-check codes and parity-based post processing.
[0002] For reliable data recovery, advanced bit detection techniques such as partial response maximum likelihood
(PRML) or noise predictive maximum likelihood (NPML) are employed in high-density data storage systems. To improve
system performance further, parity-based post processing has been proposed for example in "Noise predictive maximum
likelihood detection combined with parity-check based post processing," by Cideciyan et al, IEEE Trans. Magn., vol. 37,
pp. 714-720, Mar. 2001, for magnetic storage systems and in "Parity-check codes and post-processing for d=1 optical
recording channels," by Cai et al, IEEE Trans. Magn., vol. 41, pp. 4338-4340, Nov. 2005, for optical storage systems.
Saeki et al have also disclosed parity-based post bit detector processing in U.S. Patent No. 6581184. These schemes
use simple parity-check codes to detect dominant error patterns after bit detector, where a post processor is employed
to correct these error patterns. A corresponding simplified system setup is illustrated in Fig. 1.
[0003] Fig. 1 shows a prior art system setup for post-detector processing: The parity-check encoder is placed after
the modulation encoder and the parity-based post processor is placed directly after the bit detector.
[0004] Parity-based post processing evaluates cross correlation between the noisy PR signal and reconstructed PR
signals based on bit decisions from the bit detector and predetermined error patterns at different positions (Such error
patterns are dominant errors after bit detector and can be determined by means of either simulations or theoretical
analysis). Based on cross-correlation values, the type, the polarity, and the position of the maximally likely error events
can be identified for error correction.
[0005] It is known in optical as well as magnetic recording to regularly insert, at the recording side, some parity bits
after channel modulation, aiming to allow a postprocessing at the readback side which corrects the most probable error
events. An example is described in US 6,581,184.
[0006] The known approach of regularly inserting, at a recording side, parity bits into a channel modulated bitstream,
can be seen to have the following drawbacks:

O The parity check code, because of being applied after channel modulation, has to be specially designed so that
- besides allowing to identify all frequent error patterns at any location within the stream - its output remains compliant
with the modulation constraints like min/max runlength (RLL) or maximum transition run (MTR). Consequently, a
rate loss occurs, compared to parity-check codes designed for parity-check constraint alone.
O The modulation decoder, also denoted as channel demodulator hereinafter, may cause error propagation, which
makes the judgment of overall system performance difficult. Because of this error propagation, increasing the number
of parities does not necessarily improve error correction performance - at least not if error correction performance
is measured after the conventional error correction decoder that all these systems are assumed to have anyway.

[0007] The invention proposes a new approach, where the order of channel modulation and parity bit insertion is
inverted: On the recording side, after conventional ECC encoding, parity bits aiming at typical error pattern correction
are inserted first, after which the resulting bitstream is channel modulated. Correspondingly, at the readback side, the
parity-based postprocessing takes place after channel demodulation.
[0008] The invention also relates to a parity check code which allows to identify and partly to locate the error patterns
based on the parity syndromes.
[0009] Because of the proposed new order of processing steps, parity-based postprocessing can straightforwardly
use soft outputs (for example, log-likelihood-ratio LLR reliabilities) from a soft-decision modulation decoder or from a
joint (bit detector+modulation decoder).
[0010] The invention describes a parity-based postprocessing method which derives missing error pattern localization,
also denoted as error position information hereinafter, from the soft outputs, by tentatively applying the most probable
error patterns by sign-flipping the associated LLR values, and analyzing the syndrome vector of the parity code to
determine whether to retain or to undo the tentatively applied error pattern.

Advantages

[0011]

O With channel modulation being the last processing step on the recording side, channel constraints are automatically
fulfilled without any code rate loss, irrespective of what kind of parity-check encoder is involved. Modulation con-
straints are maintained without extra code rate loss.
O Improved system performance because dominant errors after modulation decoder are eliminated. Hence, after
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the conventional error correction decoder as well, a better error correction performance is to be expected. System
performance enhancement is because dominant errors after modulation decoder are eliminated.
Consequently, better error correction performance than previous schemes after error correction decoder can be
expected.

Drawings

[0012] Exemplary embodiments of the invention are illustrated in the drawings and are explained in more detail in the
following description.

In the figures:

[0013]

Fig. 1 shows a prior art system setup for post-detector processing.
Fig. 2 shows a system setup according to the invention.
Fig. 3 illustrates the error detection probability using a check pattern of [100100100...] for an error event {101}.
Fig. 4 shows parity-based post processing exploiting LLR values.

[0014] The prior art system setup shown in Fig. 1 can be seen to have the following drawbacks:

O In order to maintain modulation constraints (e.g., runlength constraints) after parity-check encoder, a parity-check
code has to be designed which fulfills modulation constraints and parity-check constraint simultaneously. Conse-
quently, a code rate loss occurs, compared to parity-check codes designed for parity-check constraint alone (see
"Parity-check codes and post-processing for d=1 optical recording channels," by Cai et al, IEEE Trans. Magn., vol.
41, pp. 4338-4340, Nov. 2005).

O Alternatively, if general parity-check codes are used without taking modulation constraints into account, modulation
constraints are likely to be violated after the parity-check encoder;

O There is possible error propagation due to modulation decoder, which makes the judgment of overall system
performance difficult. In "On the performance of parity-check codes in magnetic recording systems," by Feng et al,
Proc. IEEE Globecom’00, pp. 1877-1881, it was observed that increasing the number of parities in a parity-check
encoder does not necessarily result in a better error correction performance after error correction decoder, because
of error propagation caused by the modulation decoder.

[0015] The current invention resolves these drawbacks of conventional parity-based post processing after bit detector.
The current invention addresses

O How to design simple parity-check codes to identify (i.e. detect the occurrence of) pre-determined error patterns;
O How to perform parity-based error correction exploiting soft outputs from soft-decision modulation decoder (channel
demodulator) or from a soft-decision joint bit detector/modulation decoder.

[0016] Parity-check encoders are designed to identify pre-determined error patterns, which are dominant error events
after modulation decoder or joint bit detector/modulation decoder. Based on soft (reliability) information about data bits,
corresponding to the payload bits before modulation encoding, and based on syndrome vectors evaluated according to
the parity-check equations, error event type and its position are identified for error correction.
[0017] In the light of conventional parity-based post processing and its mentioned drawbacks, this invention realizes
that the parity-check encoder should be placed before the modulation encoder rather than after it. Accordingly, parity-
based post-processing according to this invention is carried out after the modulation decoder or the joint bit detector/
modulation decoder. Such a system setup according to the present invention is illustrated in Fig. 2. An obvious advantage
is that modulation constraints are always and automatically satisfied without any code rate loss, irrespective of what
kind of parity-check encoder is involved.
[0018] Fig. 2 shows a system setup according to the invention, where parity-based postprocessing is done after the
modulation decoder.
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Design of parity-check codes for error type identification

[0019] In the sequel, let k and n denote infoword length and codeword length for a parity check code. Infoword and
codeword are denoted as u=[u1, u2, ..., uk]^T and c=[c1, c2, ..., cn]^T, respectively. That is, a parity check code actually
defines the mapping rule between u and c. In this, the notation "[]^T" shall denote the transpose operation of a row or
column vector "[ ]".
[0020] As a special class of linear block codes, a parity-check code can also be defined by its parity-check matrix H
due to Hc=0. For example, the binary, systematic single parity-check code can be defined as c1=u1, c2=u2, ..., ck=uk,
cn=mod(u1+u2+...+uk, 2) with n=k+1 and mod(x, 2) denoting a module-2 operation of x. The corresponding parity-check
matrix is just a single all-one 1 xn vector, i.e., H=[1 1 1... 1] and Hc=0 (module 2).
[0021] After modulation decoder, there are possible errors imposed on codewords of parity check code. Let e denote
a possible error vector. If the syndrome vector s=H(c+e)=He is not equal to zero, then e is said to be a detectable error
event. In the case of single parity-check code, all error events of odd weights (here weight means the number of "1"s in
the error vector) can be detected due to nonzero syndrome vector.

Error detection using periodical check patterns

[0022] In "Detection of prescribed error events: Application to perpendicular recording," J. Moon et al, pp. 2057-2062,
Proc. IEEE ICC’05, periodical binary check patterns of different shifts (also referred to as phases hereafter) are used to
detect pre-determined error events. For clarity, the following examples are used to show the basic idea therein:

i). Assuming that a single bit error happens, denoted as {1} ("1" denotes an error bit), a binary check pattern [1111...]
with period one can always detect this error event. That is, the parity check sum of all payload bits is always equal
to 1, irrespective of the bit error position in the error vector.

ii). Assuming that an error event of length 2 happens, denoted as {11}, then the check pattern [101010...] with period
two is capable to detect this error event, independent of the error position.

iii). Consider error events of length 3. There are two distinct such error events, namely {111} and {101}. For the error
event {111}, the binary pattern [100100100...] of period three can detect this event at any arbitrary position. On the
other hand, for the error event {101}, the error detection probability using check pattern [100100100...] is 2/3 as
obvious from Fig. 3. With other words, using a check pattern [100100100...], an error event {101} will only be detected
in 2 of its 3 possible relative positions. Fig. 3 illustrates the error detection probability using a check pattern
[100100100...]. Depending on the relative position between the error event and the check pattern, the error event
{101} can be either detected or not.

[0023] In order to reliably detect both error events of length 3, one more check pattern is necessary, which is a shifted
version of [100100100...], for example [001001001...]. These two check patterns may be interpreted as two "phases" of
check pattern [100100100...], and since they must both be implemented, they also constitute two rows of the corre-
sponding parity-check matrix. That is, two parity-check bits are necessary for error detection. Given these two check
patterns, the syndrome vector for the error event {111} is [11]^T. The syndrome vector for the error event {101} is [11]
^T or [01]^T, depending on the position of the error event.
[0024] In general, for an arbitrary error event of length L, L phases of a periodical check pattern 

are sufficient to detect the error event at any position. In this, the notation "0^(L-1)" shall denote that "0" is repeated (L-
1) times. Using L phases of the check pattern 

to constitute L rows of a parity-check matrix, the syndrome vector is non-zero for an arbitrary error event of length L.
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Parity-check code design for error type identification

[0025] In "Detection of prescribed error events: Application to perpendicular recording," J. Moon et al, pp. 2057-2062,
Proc. IEEE ICC’05, the post-processing is carried out after bit detector. Parity-check codes are designed only for error
detection.
[0026] For post processing after the modulation decoder (embodied as RLL decoding), as this invention proposes, it
is advantageous to design parity-check codes that are additionally capable of identifying and if possible also locating
error types. For the task of identifying error patterns according to syndrome vectors, given that the set of error patterns
is known a priori (i.e., dominant error events have been determined before parity-check code design), in the following,
a design process for error identification parity-check codes is described in detail.
[0027] Assuming that the maximum length of dominant error events is Lm, an mxq basic check pattern matrix Hb is
constructed firstly, where m=sum(1:Lm) denotes its number of rows, and q=lcm(1:Lm) denotes its number of columns.
In this, "sum(a:b)" shall denote the sum of all integers from a to b, and "lcm(a:b)" shall denote the least common multiple
for integers from a to b.
[0028] Rows of the check pattern matrix Hb are determined as different phases of the check patterns 

[0029] The zero-runlength "i" in "[1 0^i 1 0^i...]" is constant within each group of rows describing different phases of
the same check pattern. Going down the rows of Hb, "i" takes on values 0, 1, 1, 2, 2, 2, 3, 3, 3, 3, ...
[0030] The resulting check pattern matrix Hb is capable to detect all error events of length up to Lm, at least if the
error events lie completely within the check window of length n. As a result of this property of Hb, a parity-check matrix
H can be constructed by repeated concatenation of Hb, H being capable to detect all error events, irrespective of their
positions within the codeword.
[0031] For Lm=3, m=sum(1:3)=6 and q=lcm(1:3)=6, the check pattern matrix results as: 

[0032] Note that this check pattern matrix Hb possibly is redundant for error pattern identification. Therefore, the next
step is to find the minimum number of parity checks and the corresponding parity-check equations, being a subset of
those contained in Hb, which are sufficient but not redundant to identify all error patterns in the given error pattern set.
[0033] Sufficient and necessary conditions for error pattern identification are

O Condition 1). All syndrome vectors are non-zero for all error patterns in the error pattern set, irrespective of their
positions.
O Condition 2). Syndrome vectors are distinct for any two different error patterns from the error pattern set.

[0034] Given the matrix Hb, the minimum number of parity checks can be found for example by gradually increasing
the number of parity checks from 1 to m. That is, firstly each row in Hb is examined to check whether the above mentioned
two conditions for error pattern identification are satisfied. If not, all combinations of two rows in Hb are examined;
thereafter, all combinations of three rows are examined; this search procedure is repeated until the two conditions for
error identification are met.
[0035] For example, assume that there are three dominant error events {1}, {11}, {111} after modulation decoder. A
suitable check pattern matrix with the minimum number of parity checks is then found as 
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[0036] Looking at the error events one by one, the corresponding syndrome vectors evaluate as follows:

(i). Error event {1}: 

That is, three syndrome vectors exist for the error event {1}, namely, [100]^T, [010]^T, or [001]^T, depending on its
position relative to the check patterns defined in H1. In this and hereinafter, the notion of si,j denotes the syndrome
vector for the i-th error pattern with a circular right shift of "(j-1)" bits, where 1 <=j<=q.

(ii). Error event {11}:

For the error event {11}, syndrome vectors can similarly be evaluated as for the error event {1}. It is found that
three syndrome vectors exist, namely, [110]^T, [011]^T, and [101]^T.

(iii). For the error event {111}, there is only one syndrome vector [111]^T, irrespective of where the error event occurs.

[0037] For these three error events, syndrome vectors are non-zero, and they are distinct, independent of positions
of error events within the check window. Therefore, H1 defines a suitable check pattern matrix for error pattern identifi-
cation. The suitable parity-check matrix for error pattern identification is just a repeated concatenation of H1, depending
on the codeword length, i.e., H=[H1, H1, ...].
For a systematic code with an infoword u=[u1, u2, ..., uk]^T, three parity-check bits may be calculated as follows: 

and the codeword is obtained as c=[u1, u2, ..., uk, p1, p2, p3]^T. For this case, the corresponding parity-check matrix
is H=[H1, H1, H1, ..., I] where I denotes a 3x3 identity matrix.
[0038] In summary, a suitable parity-check code for error type identification is derived with the following three steps:

Step (A1): Given pre-determined dominant error events, construct a check pattern matrix Hb of dimension mxq
with m=sum(1:Lm), q=lcm(1:Lm). The rows of Hb are different phases of check patterns [1 0^i 1 0^i ...] with 0<=i<=Lm-
1. Lm is the maximum length of error events.

Step (A2): Find a suitable combination of minimum number of rows in Hb, such that all error events can be identified,
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if error events are within the check window of length q=lcm(1:Lm).

Step (A3): Repeatedly concatenate Hb to obtain a suitable parity-check matrix H capable of identifying error events,
irrespective of their positions.

[0039] Because of the periodic structure of parity-check matrix, both encoding and evaluation of syndrome vector are
straightforward.

Parity-based post-processing using soft decisions

[0040] Fig. 4 shows Parity-based post processing exploiting LLR values which originate either from a soft-in soft-out
modulation decoder or from a soft-in soft-out joint bit detector/modulation decoder.
[0041] Soft-in soft-out modulation decoding or soft-in soft-out joint bit detection/modulation decoding provide soft
decisions about data bits corresponding to payload bits before the modulation encoding. A commonly used soft decision
is the log-likelihood ratio (LLR) defined as 

[0042] In this, the sign of the LLR value corresponds to the hard decision about ci, i.e. of the code bits of the parity-
check codeword, equal to info bits of the modulation encoder, and r is the soft-in vector to the modulation decoder or
joint bit detector/modulation decoder.
[0043] The magnitude of the LLR value gives the reliability of the hard decision, where LLR values with a small
magnitude ("unreliable") indicate potential errors. Therefore, potential error positions can be determined according to
magnitudes of LLR values.
[0044] Post-processing for error correction is carried out by sign-flipping of potentially erroneous LLR values with small
magnitudes and examining parity-check equations after sign-flipping. If parity-check equations are fulfilled after sign-
flipping, dominant errors are corrected with a high probability.
[0045] The flow chart of soft-decision parity-based post processing is shown in Fig. 4, which is explained in detail as
the following steps:

Step B1) Syndrome vector evaluation

[0046] As mentioned before, signs of LLR values correspond to hard decisions, which are used for evaluation of
syndrome vector.

Step B2) Error pattern identification

[0047] As discussed previously, each pre-determined error event results in a few syndrome vectors dependent on
error positions. And the parity-check code is designed such that different error patterns have distinct syndrome vectors.
Hence, based on the syndrome vector calculated in Step B1), the error pattern can be identified. If the calculated
syndrome vector does not match to any syndrome vector corresponding to predetermined error events, no post-process-
ing takes place. On the other hand, the parity-check code is designed for dominant error events. Hence, the probability
for an unidentifiable error is low.

Step B3) Determination of potential error positions

[0048] According to magnitudes of LLR values, potential error positions can be determined. For example, all LLR
values with magnitude below a pre-defined threshold are flagged as potentially erroneous LLR values, i.e., potential
error positions. Alternatively, a list of least reliable LLR values (LLR values having the smallest magnitudes) is flagged
as potential erroneous LLR values. The choice of the threshold or the list size enables that a trade-off between perform-
ance and computational complexity is selected.

Step B4) Sign-flipping of potentially erroneous LLR values

[0049] Potential error positions determined in Step B3) are examined successively. If a combination of potential error
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positions matches to the error pattern identified in Step B2), then signs of LLR values at the corresponding positions
are flipped.
[0050] After sign-flipping, parity-check equations are examined again. If all parity-check equations are fulfilled, i.e.,
the syndrome vector becomes all-zero vector, post-processing is accomplished and the flipped signs are retained.
Otherwise, other potential error positions are examined as in Step B4), until all positions have been examined.
[0051] The invention can be applied in all kinds of communication systems.

About error propagation due to the modulation decoder i.e. channel demodulator

[0052] Prior art places the parity-check code after the RLL encoder, i.e., attention is paid to error patterns after bit
detector and before the RLL decoder.
[0053] The setup of the present invention is different, see Fig. 2. Error patterns are detected and corrected after the
modulation decoder / channel demodulator. With such a setup, error propagation due to modulation (RLL) decoder can
be combatted to some extent. A further advantage of the structure shown in Fig. 2 is that it enables a joint bit detector/RLL
decoder, which is the optimal receiver for the concatenation of RLL encoder and PR channel.

About error pattern detection and localization

[0054] In this invention, the generated parity check codes are unique over some of the error patterns, i.e. observing
a certain syndrome pattern allows to tell which of the error patterns has occurred. More than that, they also provide
some - although not all - information about the position of the error pattern, in the sense of excluding some of the possible
error pattern positions within the check window. For the example described above, at least within a single "Basic Check
Pattern Matrix" H1, observing e.g. a syndrome set of [100] tells not only that the type of error event is {1}, but also that
the position is 1 or 4 (but not 2 or 3). With other words: At least some position information is given. For an n-fold
concatenation of H1, things are similar. In the case of the example, some position information can be provided for error
patterns {1} and {11}. Available position information according to syndrome vector should be exploited during the error
position identification process.
[0055] The remainder of the error position information is then derived from looking at the magnitudes of the LLR values
from the channel demodulator, as described above.

About error events that lie only partially within the check window

[0056] For error pattern sets comprising error patterns that contain "0" in some internal position, attention should be
paid to the boundary between two adjacent basic check matrices Hb. During the syndrome evaluation, we have actually
a sliding check window. If we combine the last columns of the first (leftmost) Hb and the first columns of the second
(from left) Hb together, the resulting matrix can be obtained by simultaneous right-circular shifting of all rows in Hb. In
mathematical notation, [Hb Hb]=[Hb1 Hb2 Hb3 Hb4], i.e., each of two cascaded basic check matrices is divided into two
sub-matrices. The modified basic check matrix is obtained as Hb’=[Hb2 Hb3], which is obtained by simultaneous right-
circular shifting of all rows in Hb and has the same number of columns as that of Hb.
Therefore, during the search procedure for a suitable basic check matrix, error patterns with all possible circular shifts
should be tested to guarantee the identification of error patterns at the boundary of two basic check matrices.

About identifying the smallest subset of parity equations of the parity check matrix (H) which is sufficient but 
not redundant to identify all error patterns in a given error pattern set

[0057] The minimum number of parity checks can be found by gradually increasing the number of parity checks from
1 to m. At maximum, with a brute force approach, all the 2^m combinations of using/not using the m rows of the check
pattern matrix Hb must be checked. However, since not using any of the rows will never work, and using all of the rows
will always work, only (2^m)-2 combinations must actually be checked. Using the described search strategy and assuming
that m’ parity-checks are necessary, the number of combinations to be checked is equal or less than

because there may be more than one suitable parity-check matrices with m’ rows. If one suitable combination of m’ rows
has been found, the search procedure stops. And in the worst case, (2^m)-2 combinations have to be checked.
[0058] In situations where nearly all check patterns are "needed", the method may as well gradually reduce the number
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of used parity equations down from m to m’. This of course assumes that when for a certain number m" none of the
combinations of m" rows fulfills the conditions, it can be concluded that all shorter combinations using m’’’<m" rows will
as well fail the condition test. This assumption may not be true, depending on the error pattern set.
[0059] However, it may be quicker to check combinations of "1" row out of "m" rows than to check combinations of
"(m-1)" rows out of "m" rows, despite the fact that in both cases there are "m" such combinations. The reason is that the
evaluation of syndrome vectors is more complicated using a parity-check matrix having "(m-1)" rows than using a parity-
check matrix having "1" row.

About other applications of the parity check construction method

[0060] The parity check construction method described herein can as well be used in a prior art system according to
Fig. 1. This acknowledges that the task of identifying the error pattern is independent of where in the signal path the
parity-based postprocessing takes place.

About which error patterns should be tested

[0061] If during the search procedure for a suitable basic check matrix, error patterns with all possible circular shifts
are tested, it can be argued that this is correct at least at the "inner boundaries" of neighboring Hb’s within a single parity-
check matrix. Considering the example of error event {101}, having a {1} at the right end of one Hb implies that the right
neighbor Hb receives the remaining {01} at its left end, so the "circularly designed" parity will work. However, things are
different in those cases where a truncated error event appears at the very beginning or very end of the parity-check
window, i.e. at the beginning or end of a codeword. At the boundary of codewords, one should be careful, although the
probability that error patterns appear at that boundary is low for a sufficiently long codeword. A dedicated boundary
procedure may be advantageous to deal with this problem. One possible boundary procedure is as follows:

We observe the magnitudes of LLR values at the boundary region of two adjacent codewords. The potential error
positions are associated with a small LLR magnitude. Then we check whether there is a matching between the
potential error positions and pre-determined error patterns. For this boundary region, we do exhaustive search over
all possible error patterns.
Due to the low probability for error patterns appearing at the boundary and due to the short length of error patterns,
the additional complexity for this kind of post processing is expected to be low.

About how to derive error position information

[0062] "A graph-based construction of high-rate soft decodable codes for partial response channels", B. Vasic, IEEE
ICC 2001, pp 2716ff, hereinafter "Vasic", discloses "By using the syndrome calculated for a received codeword, we
create a list of all possible positions where error events might have occurred, and then use error event likelihoods to
select the most likely position and most likely type of error event".
[0063] The post-processing approach in Vasic is similar as in other prior art, namely having parity-check encoder after
the RLL encoder. This implies that post-processing is based on bit detector, which provides a sequence estimate in the
maximum-likelihood sense. Hence, in Vasic, the determination of error type, polarity, position is based on the Euclidean
distance between bit detector input signal and the reconstructed PR signal sequence using the ML sequence estimate
and possible error patterns at all possible positions, see Section IV, p. 2719.
[0064] Let y denote the bit detector input signal and c the ML sequence estimate after bit detector. For each error
pattern in the error pattern set, say e’, Euclidean distances |y-(c+e(j))*h|^2 are evaluated for all possible beginning
positions of e’. In this, "e(j)" shall denote an error vector corresponding to e’ , which has the same length as y , i.e., e(j)
=[0,...,0, e’, 0,...0] with e’ beginning at position j. "(c+e(j))*h" shall denote the reconstructed PR signal. A smaller Euclidean
distance indicates a more likely error pattern with the corresponding polarity, type, and position. This is equivalent to
what was stated in Section IV of Vasic.
[0065] In contrast, this invention assumes a SISO decoder, which provides the estimated probability or equivalent
LLR value for each bit (obtained for example using Log-MAP, Max-Log-MAP, or SOVA algorithms). Rather than using
hard decisions as in priori art (the ML sequence estimate is a hard decision sequence) and reconstructing a PR signal
((c+e(j))*h), this invention determines potential positions using a threshold for LLR magnitudes and checks whether
there is a match between potential error positions and the identified error pattern.
[0066] To illustrate this by an example, assume that, from the SISO decoder, LLR values are obtained as [8, 9, 0.5,
-0.3, -0.4, 7], and the corresponding hard decision (signs of LLR values) is [+1 +1 +1 -1 -1 1]. For evaluation of syndrome
vector, a mapping +1->0 and -1->1 is assumed, i.e., [000110] is used in parity-check evaluation. And it is further assumed
that the syndrome vector is nonzero, i.e., there is an error event. With a magnitude threshold 1 (the threshold can be
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designed as a factor larger than 1 times the minimum LLR magnitude), positions 3, 4, and 5 are flagged as potential
error positions. Based on the syndrome vector, the error event is assumed to be identified as {101}, for example, which
indicates that errors occur at positions 3 and 5, but not at position 4. Accordingly, LLR values are changed to [8, 9, -0.5,
-0.3, 0.4, 7] (sign-flipping of potential erroneous LLR values). Then, if the syndrome vector becomes zero after this sign-
flipping, two bit errors are corrected.
In this example, the error event {101} only says that there are two bit errors, but nothing about the polarity of errors.
Here "polarity" means whether an error of "0 transmitted and 1 decided" or an error of "1 transmitted and 0 decided"
occurs. If such "polarity" information is available, it should be embedded in the error position search procedure. For
example, it is assumed that only two possibilities for the event {101} exist, namely, {+0+} ("+" means that 1 is transmitted
and 0 is decided, and "-" means that 0 is transmitted and 1 is decided) and {-0-}. If we compare the LLR values [0.5,
-0.3, -0.4] to these two error patterns, there is no match, since the only possible error pattern for [0.5, -0.3, -0.4] will be
{+0-}. Note that [0.5,-0.3,-0.4] is decided as [0 1 1], and its counterpart after sign-flipping, [-0.5,-0.3,0.4] is decided as
[1 1 0]. Therefore, the identified error pattern will be {+0-}.
[0067] In summary, Vasic approach has the disadvantages of prior-art systems. With respect to post-processing, this
invention has a lower complexity. Error identification parity check code may require higher redundancy (lower rate) than
error detection parity check code, because of better performance at the expense of rate loss. The invention contributes
to a better trade-off between redundancy and performance.
[0068] It may be argued, that nobody has thought before about interchanging the order of channel (RLL) coding and
parity coding, because

O People have (assumedly) observed, that at the very output of PRML detection, certain error patterns occur
pronouncedly more often than others.
O Acknowledging this, they have devised parity check coding as a way to fight these typical error patterns, and of
course the measure was implemented in the exact location, where the error patterns were being observed, namely
after channel encoding / before channel decoding.

[0069] This invention does not suppose a different error injection mechanism than what is assumed in prior art to
cause the typical error patterns. Aiming to fight the typical errors at a different location in the block diagram, namely
between channel decoder and ECC decoder, it may be advantageous to assume and consider different kinds of "typical
error patterns". With other words and as an example: Assuming "101" as the most frequent error pattern at the input of
the channel decoder, this will translate into a different corresponding most frequent error pattern at its output. Typical
(dominant) error patterns after RLL decoding can be obtained by means of computer search. An analytical determination
of dominant error patterns is difficult for complicated PR-targets.
[0070] Firstly, dominant error patterns result in smaller path metric difference (i.e., more prone to noise). That is the
reason why some error patterns occur more often than others. Consider one path in the Viterbi trellis corresponding to
the actually transmitted bit sequence and another path corresponding to a different bit sequence. If the path metric
difference between these two paths is small, it is more possible that the wrong path is decided as the transmitted one.
That is, the corresponding error pattern (as module-2 addition of two bit sequences) occurs more probable than others.
Typically, theoretical analysis is only possible for very simple PR channels like PR[1 0 -1], or PR11. For complicated PR
channels like PR1221 or PR12221, only simulative approach is possible, i.e. computer search method.
[0071] Secondly, the motivation for the invention comes from an approach of joint bit detection/RLL decoding. In this
context, we may consider RLL-encoder and PR-channel together as a super-channel. Similar as PRML, which only
considers PR-channel alone and the parity-check code is set before the PR-channel, parity-check code is allocated
before the super-channel in the presence of joint bit detector/RLL decoder.
[0072] Similar as in the PRML case, analytically determining the dominant error patterns requires to investigate the
distance spectra of this super-channel. Again, for complicated PR-channels, the computer search approach seems to
be the only possibility.
[0073] Possibly, dominant error patterns after the joint bit detector/RLL decoder are different from dominant error
patterns after the bit detector.
For PR1221 and an RLL code with d=1 constraint, dominant errors after bit detector are {1}, {101}, {10101}, while after
joint bit detector/RLL decoder dominant error patters are {1}, {11}, {111}.
[0074] Notice that dominant error patterns after bit detector are only dependent on PR-channel alone (taking d-con-
straint of RLL codes into account), while dominant error patterns after joint bit detector/RLL decoder depend on both
RLL encoder and PR-channel.
[0075] Another prejudice against investigating the system setup as in this invention may be that previously, RLL
decoder is realized by means of simple digital logics (hard-input hard-output decoder, either based on table look-up or
bounded block method) even for FSM decodable RLL codes. In such a setting, it is difficult to perform parity-check based
post-processing after RLL decoder.
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Claims

1. A method of encoding a bitstream, the method comprising a channel modulation, an ECC encoding and a parity bit
insertion, and
characterized in that the parity bit insertion is performed after the ECC encoding and before the channel modulation.

2. The method of claim 1, wherein an RLL encoding is used as the channel modulation.

3. A method for decoding a bitstream that has been encoded according to the method of claim 1, the method comprising
a channel demodulation, an ECC decoding and a parity bit evaluation, and
characterized in that the parity bit evaluation is peformed after the channel demodulation and before the ECC
decoding.

4. The method of claim 3, wherein an RLL decoding is used as the channel demodulation.

5. A method for decoding according to claim 3, wherein a reliability information from the channel demodulation is
forwarded and used in the parity bit evaluation.

6. The method of claim 5, wherein an error position information is derived from the reliability information, a set of most
probable error patterns are tentatively applied by inverting associated bits of the bitstream and by calculating an
associated syndrome vector therefor, and where the syndrome vectors are analyzed to determine whether to retain
or to undo the applied error pattern.

7. Method for generating a parity check matrix (H) for use in the parity bit insertion step of claim 1, comprising

- determining a basic check pattern matrix (Hb) having rows that are constituted by different phases of periodic
check patterns,
- constructing the parity check matrix (H) by repeated concatenation of the basic check pattern matrix (Hb),
- identifying a smallest subset of parity equations of the parity check matrix (H) which is sufficient but not
redundant to identify all error patterns in a given error pattern set, by checking whether the subset satisfies an
error pattern identification condition.

8. The method of claim 7, wherein the error pattern identification condition is embodied by checking that all syndrome
vectors are non-zero for all error patterns in the error pattern set, irrespective of their positions, and that syndrome
vectors are distinct for any two different error patterns from the error pattern set.
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